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ALTITUDE-WIHD-TUHBEL HT7ESTIGATIOB OF A 4000-PCUHD-THHDST 
AXIAL-FLOW TURBOJET EHGI5E 
II - OPEEATIOWAL CHABACTEBISTICS 
By William A. Fleming 


SUMMARY 

An investigation was oonduoted in the Cleveland, altitude wind 
tunnel to determine the operational characteristics of an axial- 
flow- type turbojet engine with a 4000 -pound -thrust rating 
over a range of pressure altitudes from 5000 to 50,000 feet, ram 
pressure ratios from 1.00 to 1.86, and temperatures from 60° 
to -50° F. The low-flow (standard) compressor with which the engine 
was originally equipped was replaced by a high-flow compressor for 
part of the investigation. The effects of altitude and airspeed on 
such operating characteristics as operating range, stability of 
combustion, acceleration, starting, operation of fuel-control system, 
and bearing cooling were investigated. 

With the low-flow compressor, the engine could be operated at 
full speed without serious burner unbalance at altitudes up to 
50,000 feet. Increasing the altitude and airspeed greatly reduced 
the operable speed range of the engine by raising the minimum oper- 
ating speed of the engine. In several runs with the high-flow 
compressor the maximum engine speed was limited to less than 
7600 rpm by combustion blow-out, high tail-pipe temperatures , and 
compressor stall. Acceleration of the engine was relatively slow 
and the time required for acceleration increased with altitude. 

At ma-ri mnm engine speed a sudden reduction in Jet-nozzle area 
resulted in an immediate increase in thrust. The engine started 
normally and easily below 20,000 feet with each configuration. The 
use of a high-voltage ignition system made possible starts at a 
pressure altitude of 40,000 feet; but on these starts the tail-pipe 
temperatures were very high; a great deal of fuel b turned in and 
behind the tall pipe, and acceleration was very slow. Operation 
of the engine was similar with both fuel regulators exoept that the 
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modified fuel regulator restricted the fuel flow In such a manner 
that the acceleration above 6000 rpm was very slow. The hearings 
did not cool properly at high altitudes and high engine speeds with 
a low-flow compressor, and hearing cooling was even poorer with a 
high-flow compressor. 


INTRODUCTION 

An investigation has been conducted in the NACA Cleveland alti- 
tude wind tunnel to determine the operational and performance charac- 
teristics of an axial- flow- type 4000-pound- thrust turbojet engine. The 
performance characteristics of the engine in the standard config- 
uration are Included in reference 1. Engine operational data 
obtained with the engine in the standard configuration and with 
various modifications to the standard configuration is presented 
herein. The modifications investigated include changes in the 
compressor, the combustion chambers, the turbine, the turbine nozzle, 
the tall pipe, the Jet nozzle, the Ignition system, and the fuel 
regulator. The following operational characteristics were investi- 
gated: operating speed range, combustion stability, acceleration, 

starting, operation of the fuel control system, and bearing cooling. 
Damage that occurred to several parts of the engine during the runs 
is discussed. 

The high-flow compressor unit considered herein does not 
represent any engine contemplated for production by the engine 
manufacturer, but does represent the initial attempt of the engine 
manufacturer to obtain Increased performance by modifying the 
standard unit with the quickest and simplest methods available at 
the time of the 4000-pound-thrust axial -flow turbojet engine wind- 
tunnel test program. 

Two inlet configurations were used in the investigation. For 
the statio tests the engine air was taken from the tunnel test 
section in a normal mann er..’ for the ram tests the air was introduced 
into the engine through a duct at pressures above the tunnel-test- 
section pressure in order to simulate various flight speeds. The 
tests were conducted over a range of ram pressure ratios from 1.00 
to 1.86 and pressure altitudes from 5000 to 50,000 feet with approxi- 
mately corresponding standard air temperatures. 


WIND-TUNNEL INSTALLATION AND ENGINE CONFIGURATIONS 
Description of Engine 

The J35 engine investigated has a sea-level rating of 4000 pounds 
static thrust at an engine speed of 7600 rpm. At this rating the air 
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flow is approximately 75 pounds per second and the fuel flow 
4400 pounds per hour. The over-all length of the engine is about 
14 feet; the maximum diameter, 36 Indies; and, the total weight, 

2300 pounds. Both compressors have 11 axial-flow stages. The low- 
flow compressor provides a pressure ratio of approximately 4 and the 
high-flow compressor provides a pressure ratio of approximately 4.5 
at rated engine speed. On the engine are eight ind ividual combus- 
tion chambers. Two of the chambers contain a spark plug to* ignite 
the fuel when starting the engine. Fuel in the other six combus- 
tion chambers is cross-ignited through the small interconnecting 
tubes that Join the burners together. A single-stage turbine drives 
the compressor. 

In order to obtain satisfactory starting and idling character- 
istics, each ocmbustion chamber was equipped with a duplex fuel 
nozzle to which fuel was supplied through two lines. The low-flow or 
primary lino supplied fuel to the small slots of the nozzles at all 
operating conditions and the high-flow or secondary line supplied 
fuel to the large slots when the engine was operating at high fuel 
rates. With the duplex nozzles, a well-balanced spray pattern could 
be maintained in the combustion chambers throughout the entire range 
of fuel flows. 


Installation and Procedure 

The engine was supported on a 7-foot-chord airfoil installed in ■ 
the 20-foot-diameter test section of the wind tunnel, as shown in 
figure 1. The cowling extended only to the rear of the compressor; 
thus the burners and the tail pipe were cooled by the movement of the 
air in the test seotion. Air was supplied to the engine by two 
methods. For the static tests a wooden cowling was attached to the 
engine inlet and air was supplied to the engine from the tunnel test 
section in a normal manner. Far the ram tests inlet pressures 
corresponding to flight at high speed were obtained by introducing 
dry refrigerated air from the tunnel make-up air system at approxi- 
mately sea- level pressure. The air was throttled to the desired 
pressure at the engine inlet while the wind-tunnel pressure and 
temperature corresponding to the test altitude were maintained. The 
make-up air duct was connected to the engine intake by means of a 
slip Joint looated 40 feet upstream of the engine. (See fig. 2, 
station X. ) The tunnel drive motor was not operated in these tests, 
but a velooity from 40 to 100 feet per second was induced in the 
tunnel test section by the ejector effeot of the Jet and by the 
tunnel-exhauster scoop located immediately downstream of the test 
seotion. 

The engine was extensively instrumented as shown in figure 3. 
Temperature and pressure measurements of the air and gases were taken 
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at eight stations throughout the engine in order to obtain Infor- 
mation on the Individual components and the over-all operating 
characteristics . 

Vibration pickups were Installed on the engine to detemlne the 
amplitude of the horizontal and vertical vibration of the engine at 
the front flange of the compressor casing and the rear flange of the 
turbine casing. The amplitude of vibration was indicated by a 
vibration meter in the control room. 


Engine Configurations 

Investigations were made of 13 configurations of the engine. 

(See table I.) The total time logged for the engine during the 
runs was 97.1 hours. 

Two compressors designated low-flow and high-flow were investi- 
gated. The low-flow compressor, whioh was the standard compressor 
for the engine, has a sea- level air-flow rate of about 70 pounds of 
air per second at 7600 rpm. The high-flow compressor has the same 
dimensions as the low-flow compressor, but the blade angle of the 
rotor and stator blades is approximately 5° greater in order to give 
a higher air flow. 

Three types of aombustian chamber, designated A,*B, and C, were 
investigated (fig. 4). The principal dimensions of the three chambers 
are the same, but they differ in the manner In whioh air is intro- 
duced into the primary burning zone. On the dome of the type A 
combustion chamber are three rows of louvers pushed outward to scoop 
the air into the primary burning zone. The type B chamber is similar 
to type A except that the center row of louvers is pushed in so that 
air is blown upstream along the inner surface of the dome. This modif- 
oatian was made to improve the starting characteristics of the engine. 
The type C combustion chamber has a hood over the dome to ram more air 
through the louvers, whioh are pushed in instead of raised as in types A 
and B. A vertical motion of the air is introduced on the inner surface 
of the dome by means of two rows of louvers bent to induce circumfer- 
ential flow in opposite directions. This modification was designed to 
provide a higher upper blow-out limit for high-altitude operation. 

Three turbine nozzles with different areas were investigated; 
they are referred to in table I as small, standard, and large nozzles. 
The nozzles became eroded and warped during runs and the nozzle areas 
were changed as follows: the small nozzle, from 101.9 to 97.7 square 

inches; the standard nozzle, from 106.8 to 108 square inches; and the 
large nozzle, from 181 to 119.9 square inches. 


532 
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Five different turbine wheels were used. The initial runs of 
the engine in the standard configuration with the low-flow compres- 
sor were made with a turbine having oast buckets; this wheel was 
limited in speed to 6650 rpm because of a weak turbine disk. This 
turbine wheel was replaced by a similar wheel fitted with cast 
buckets, but the disk was strengthened and the rated engine speed 
of 7600 rpm. could be reached. Two of the turbine blades developed 
cracks near the roots after 20 hours of operation and the wheel was 
removed. A turbine wheel with forged blades was then installed and 
tests were continued for approximately 46 hours before cracks in 
four of the turbine blades near the root necessitated the removal 
of the wheel. Another turbine wheel with forged blades was then 
installed and was removed after approximately 12 hours of operation 
because the radial clearance between the turbine shroud ring and 
the outer raoe was excessive. A forged wheel of the same construc- 
tion having the proper clearance was then used for 6r hours without 
failure. 4 

Four tail pipes were used during the tests, as indicated in 
table I. The tail pipe supplied with Idle original engine failed 
after 6 hours of operation. Kie inner cone oollapsed and the outer 
shell was severely warped over almost its entire length. A tall 
pipe the same as the first was then installed and was removed after 

6 — hours of operation as the result of a partial failure similar to 

that of the first. The inner cone of the third tail pipe was 
reinforced and vented in order to equalize more rapidly the pressure 
on the inner and outer surfaces of the tail cone and the outer shell 
was strengthened. Operation of the engine for 54 hours caused the 
outer shell of the tail pipe directly behind the turbine to warp and 
buckle slightly. The fourth tail pipe investigated was identical in 
construction to the third; however, straightening vanes were added 
in an attempt to remove the swirl from the gases leaving the turbine 
wheel. After 30 hours of testing, the straightening vanes were 
warped and the outer shell of the tail pipe directly behind the 
turbine outlet was warped in the same manner as the third tall pipe. 

1 3 

Jet nozzles with circular-outlet diameters of 16^, 16j, 18, and 
19^ inches were investigated. A special rectangular nozzle with a 

variable outlet area was also constructed for some of the runs. 

(See fig. 5.) The outlet area of this nozzle was varied by two 
compressed-air pistons operating hinged doors that formed the sides 
of the nozzle. The nozzle could be used in only two positions, open 
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and closed. In the closed position, the area of the 15- fcy 15~Inch 

1 * 

rectangular outlet was equivalent to that of a 17^- inch-diameter 
circular jet nozzle; with the doors open, the area was equivalent to 
that of a 21^- inch-diameter circular Jet nozzle. 

Three types of spark plug were used on the engine during the 
investigation. The two original spark plugs used with the low-flow 
compressor had two electrodes that protruded into the combustion 
chamber with a spark gap of about 0.60 inoh. When the high-flow 
compressor was installed, these spark plugs were replaced by two 
spark plugs designed to make it possible to start the engine at 
higher altitudes than before. The two new spark plugs had the 
spark gap and were similar in design to the original type of spark 
plug except that provision was made to discharge a Jet of oxygen 
through the core of the spark plug into the zona of the spark (con- 
figurations 6 and 7). Oxygen was supplied from a bottle in the 

control room through a j-inch tube and the oxygen flow was manually 

controlled during the starts. One of the oxygen spark plugs was 
later replaced by a spark plug connected to a transformer having a 
higher voltage than the one previously used (configurations 8 to 13). 
The high-voltage spark plug had heavier electrodes than the original 
type spark plug and the spark gap was approximately 0.120 inch. 

When the high-flcw compressor was installed in the engine, the 
original fuel regulator was replaced with a modified regulator. The 
modified regulator used the compressor-outlet static pressure as a 
reference pressure for the barometric bellows. This regulator was 
also- set so that the rate of increase in fuel flow when a rapid 
acceleration was made would not be great enough to overheat the 
engine. 


RESULTS AND DISCUSSION 
Operating Range 

Low-flcw compressor. - The initial runs with the low-flcw 
compressor (configurations 1 to 5, table I) indicated that the engine 
could be operated at rated speed without serious combustion-chamber 
temperature unbalance at pressure altitudes up to 50,000 feet. The 
minimum operating speed without ram varied from 2000 rpm at a pres- 
sure altitude of 5000 feet to 4000 rpm at 40,000 feet. (See fig. 6.) 
The minimum speed at 50,000 feet was not determined. Without ram at 
5000 feet the engine could be idled below 2000 rpm; however, the 
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temperature distribution between the combustion, chambers was unbal- 
anced, the tail-pipe temperatures were high, and acceleration was 
sluggish. Below 2000 rpm the engine could be accelerated only by 
exceeding the tail-pipe temperature limit of 1500° F for accelera- 
tion. 


The engine could be operated at slightly less than 4000 rpm at 
40,000 feet, but idling the engine at so low a speed necessitated 
closing the throttle in very small increments in order to decrease 
the fuel pressure only 1 or 2 pounds per square inch at any one time. 
At an engine speed of 4000 rpm the tail-pipe temperature was approx- 
imately 400° F, at which point a sudden decrease in fuel flow caused 
combustion to cease. 

Increasing the ram pressure ratio at the engine inlet resulted 
in a higher minimum operating speed at all altitudes. (See fig. 6.) 
At high altitudes with ram, temperatures as low as 275° to 350® F 
were measured in the tail pipe at the minimum speed .Just before 
combustion failure. 

Combustion was stable except when the engine was operating 
near the minimum speed above 20,000 feet. Slow deceleration of the 
engine was required near the minimum operable speeds because rapid 
deceleration in the low-speed range often caused several or all of 
the combustion chambers to blow out. Usually a lower operating 
speed could be reached with a very slow deceleration than with a 
rapid deceleration. 

High-flow compressor. - In several runs with the high-flow 
compressor (configurations 6 to 8, 10 and 11), the maTlmum engine 
speed was limited by combustion blow-out, high tail-pipe temperature, 
and compressor stall, as shown in figure 7. Configurations 6 and 7 
were investigated at an indicated airspeed between 200 and 300 miles 
per hour and configuration 8 was investigated at static conditions. 

At pressure altitudes below 20,000 feet, slow acceleration of the 
engine to full speed (7600 rpm) was possible without encountering 
combustion blow-out. At pressure altitudes of 30,000 and 40,000 feet, 
the maximum engine speed with configurations 6 to 8 was limited by 
combustion blow-out between 7300 and 7500 rpm during normal accelera- 
tions. In order to reach full speed at these high altitudes, it was 
necessary to accelerate the engine very slowly above 7000 rpm. 

When combustion blow-out occurred, a yellow flame about 5 feet 
long shot out of the Jet nozzle for a few seconds, the engine speed 
began to decrease, the tail-pipe temperatures began to rise rapidly, 
and c omb ustion suddenly ceased. Combustion blow-out was encountered 
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at pressure altitudes of 30,000 and 40,000 feet, indicated air- 
speeds from 0 to 300 miles per hour, compressor-inlet temperatures 
from -15° to -30° F, and engine speeds from 7300 to 7500 rpm. 

At a pressure altitude of 40,000 feet with an indicated air- 
speed of 250 miles per hour and a compressor-inlet temperature of 
-40° F, combustion blow-out was encountered at an engine speed of 
approximately 7400 rpm when the engine was slowly accelerated. The 
combustion chambers were allowed to blow out several times at about 
7400 rpm, and each time they could be relighted by turning on the 
ignition at engine speeds between 6500 and 7000 rpm. In order to 
determine whether the spark plug was relighting the chambers or 
whether some burning continued when the engine speed began to 
decrease, the ignition was not immediately turned on in one case 
after the combustion chambers blew out. The engine speed then 
continued to fall below 6000 rpm; at 4000 rpm the ignition was 
turned on, but the combustion chambers would not relight at this 
or lower speeds while the rotor was coasting. 

After the change from type B to type C combustion chamber 
( configuration 9), full speed oould be reached at a pressure alti- 
tude of 30,000 feet and an Indicated airspeed of 400 miles per hour. 
The only attempt to accelerate the engine to full speed with con- 
figuration 9 was made at this altitude; when the engine speed 
reached 7600 rpm, the tail-pipe temperature suddently increased and 
reached a peak of 1650° F before the engine speed could be reduced. 
At 6200 rpm, the tail-pipe temperatures varied from 1250° to 
1300° F. An immediate inspection of the engine revealed that sev- 
eral of the transition sections between the rear of the combustion 
chambers and the turbine nozzles had failed and choked off part of 
the area. (See fig. 8.) These transition sections were changed 
several times because they were continually collapsing and breaking 
off. After several failures they were tack-welded to the turbine 
nozzle and this procedure kept them Intact for the rest of the runs. 
An Inspection later disclosed that the transition sections installed 
while the compressor was being changed were slightly larger than the 
original ones and had no clearance between them for expansion. 

Replacing the standard turbine nozzles with the small nozzles 
(configuration 10) resulted In much poorer performance of the engine. 
Static tests Wei’s made with this configuration at pressure altitudes 
from, 1500 to 37,500 feet. Combustion blow-out was not encountered 
but, when the maximum speed at which the engine would operate was 
reached (fig. 7), fuel began to bum in the tail pipe, the 
compressor-outlet static pressure dropped about 25 percent, the air- 
flow rate fell markedly, the engine speed decreased about 500 rpm, 
and the tail-pipe temperatures rapidly increased. Apparently the 
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compressor blades were stalling as a result of excessive choking in 
the small turbine nozzles used in configuration 10. This condition 
limited the maximum engine speed to approximately 6300 rpm at a pres- 
sure altitude of 1500 feet and approximately 4400 rpm at a pressure 
altitude of 37,500 feet. When an engine speed of 6300 rpm waB 
reached at a pressure altitude of 1500 feet, a single burst of yellow 
flame about 10 feet long was emitted at the tail pipe end was fol- 
lowed by several rapid bursts of a pulsating yellow flame about 
10 feet long, whioh continued until the throttle was retarded. Oper- 
ation of the engine at 40,000 feet with this configuration was 
impossible owing to excessively high tail-pipe temperatures. 

Replacement of the small turbine nozzles with the large nozzles 
(configuration 11) made possible operation of the engine at higher 
speeds. (See fig. 7.) Static tests were made with this configura- 
tion at pressure altitudes from 5000 to 40,000 feet. The Tnavimiim 
speed of the engine with this configuration was limited by high tail- 
pipe temperatures resulting from excessive fuel flow. The mavlrmiTn 
engine speed at 5000 feet was 6500 rpm, with tail-pipe temperatures 
between 1150° and 1300° F. A maximum, engine speed of 7000 rpm was 
reached at 40,000 feet with a tail-pipe temperature of 1300° F. 

Slow acceleration to the maximum engine speed was required in order 
to avoid blow-out of the combustion chambers . Combustion blow-out 
was encountered at 5400 rpm with a pressure altitude of 30,000 feet 
and at 6400 rpm with a pressure altitude of 40,000 feet during 
rapid accelerations. 

Replacing the 18-inoh-diameter ^et nozzle with a 19^- inch- 

diameter nozzle and replacing the turbine wheel having excessive 
radial clearance with one having proper radial clearance (config- 
urations 12 and 13) made possible operation of the engine at full 
speed. (See fig. 7.) Configuration 12 was Investigated at indicated 
airspeeds from 250 to 300 miles per hour and configuration 13 was 
investigated at static conditions. Both configurations were investi- 
gated over a range of pressure altitudes from. 5000 to 40,000 feet. 
With these configurations, ' the tail-pipe temperature at full speed 
was between 1000° and 1100° F at all altitudes. 


Distribution of Temperatures at Turbine Outlet 


The temperatures measured behind each combustion chamber at 
the turbine outlet were very well balanoed for both type A and type B 
combustion chambers; usually they did not vary more than 50° F at any 
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engine speed or altitude. Operation with the type C combustion 
chamber resulted in an unbalanced temperature distribution among 
the chambers. This unbalance may have been caused by a set of 
unmatched fuel nozzles. With the type C combustion chamber, the 
difference between the highest and lowest temperatures measured at 
the turbine outlet was usually 100° to 200° F at any engine speed 
and at all altitudes. Beplacement of the type B combustion chamber 
for runs with configurations 12 and 13 resulted in one chamber 
running hotter and one running cooler than the others. The temper- 
atures of the other combustion chambers were well-balanced. 


Acceleration 

Low-flow compressor. - With the low-flow compressor (config- 
urations 1 and 5) at pressure altitudes from 5000 to 25,000 feet 
and temperatures from 29° to -41° F, the engine was started and 
accelerated to a normal operating speed. The time required to 
start the engine from, a windmilling speed of approximately 500 rpm 
and accelerate to 4000 rpm increased from 47 seconds at 5000 feet 
to 72 seconds at 25,000 feet. (See fig. 9.) The time required to 
accelerate from 3000 to 6000 rpm increased from 13 seconds at 
5000 feet to 44 seconds at 30,000 feet (fig. 10). Between 12 and 
18 seconds were required to ignite the combustion chambers at all 
altitudes. The inorease in acceleration time with altitude resulted 
from, the decreased accelerating foroe exerted an the turbine blades 
by the low-density gases at high altitude. The results of experi- 
mental and calculated data to determine the ratio of the time to 
accelerate at altitude to the time to accelerate at sea level are 
shown in figure 11. In order to determine the calculated curve, the 
assumption was made that the turbine-inlet temperature was the same 
at all altitudes during acceleration. The ratio of time to acoel-. 
erate at altitude to time to accelerate at sea level was then found 
to be inversely proportional to the ratio of the respective densities 
of the inlet air. 

Careful handling of the throttle was required when starting the 
engine or when accelerating from low engine speeds. The throttle 
had to be opened slowly to hold the tail-pipe temperature below the 
limit of 1500° F. Acceleration from idling speed required more 
careful manipulation of the throttle at high altitudes than at low 
altitudes because of high tail-pipe temperatures and compressor 
surge. 


In acceleration tests with the low-flow compressor at a pres- 
sure altitude of 20,000 feet (configuration l), a violent surge of 
the compressor was encountered during a rapid acceleration. The 
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engine stopped accelerating at approximately 5300 rpm, a violent 
pulsation was set up in the engine, and a yellow flame about 10 feet 
long was usually emitted at the tail pipe. The fuel flow rapidly 
increased and rapid fluctuation, of compressor-outlet and tail-pipe 
pressures occurred. The tail-pipe temperature rapidly increased and 
further acceleration was impossible. In order to recover from the 
compressor surge, deceleration to 5000 rpm or lower was necessary. 
When the tail-pipe temperature was maintained below 1200° F during 
acceleration at a pressure altitude of 20,000 feet, no compressor 
surge was encountered. 

Compressor surge was also encountered during rapid accelera- 
tions at pressure altitudes of 30,000 and 40,000 feet. During 
accelerations at 40,000 feet with tail-pipe temperatures slightly 
below 1200° F, the compressor surge occurred on three occasions. 

The first time, the engine speed was reduced to 4800 rpm, from which 
speed the engine could be accelerated more slowly through the crit- 
ical range. The second and third times, the compressor surge 
encountered was more violent and resulted in blow-out of several 
combustion chambers. As soon as some of the combustion chambers 
blew out, the temperature in the’ tail pipe behind the chambers 
that remained lighted began to rise rapidly, but the chambers did 
not cross-ignite nor would the ignition relight them. Inasmuch as 
the tail-pipe temperatures were, becoming excessive and the engine 
speed continued to decrease, operation of the engine had to be 
discontinued . 

High-flow compressor. - Acceleration characteristics with the 
high-flow compressor (configurations 6 to 8) were poorer than with 
the low-flow compressor (configurations 1 to 5) . Only slow accel- 
erations could be made with configurations 6 to 8 without encounter- 
ing combustion blow-out. 

The installation of the small turbine nozzle (configuration 10) 
resulted in much poorer acceleration characteristics than with con- 
figurations 6 to 8. Attempts to accelerate rapidly resulted in an 
increase in engine speed of only 200 to 600 rpm before the compressor 
stalled. When the compressor stalled, the tail-pipe temperature rose 
rapidly and a yellow flame, was usually emitted at the tail pipe; the 
flame turned to a blue haze and did not disappear until the throttle 
was retarded. When an attempt was made to accelerate rapidly from, 
approximately 3000 rpm at a pressure altitude of 10,000 feet, the 
compressor stalled and a yellow flame fringed with a blue haze shot 
from 6 to 8 feet out of the tail pipe for several seconds. 
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Neither burning In the tail pipe nor combustion blow-out 
occurred during accelerations at pressure altitudes of 5000, 10,000, 
and 20,000 feet in runs with the large turbine nozzles and the 
18-inch-diameter Jet nozzle (configuration 11). The combustion 
chambers blew out at 5400 rpm with a pressure altitude of 30,000 feet 
and at 6400 rpm with a pressure altitude of 40,000 feet during rapid 
accelerations. Combustion completely ceased in both cases and the 
chambers were not immediately relighted. 

Starting and acceleration tests were made with the large tur- 
bine nozzles and a 19^- inch-diameter Jet nozzle (configuration 13) 

at pressure altitudes from 5000 to 40,000 feet and inlet tempera- 
tures from 25° to -34° F. Combustion blow-out was not encountered 
below a pressure altitude of 20,000 feet during rapid accelerations . 
The revised fuel regulator contained a restricting orifice that 
limited the rate at which the fuel flow could be increased. During 
accelerations a tail-pipe temperature of 1500° F' could be main- 
tained until the engine speed reached approximately 5500 rpm. From 
this point the fuel regulator controlled the rate at which the fuel 
flow was changed to such an extent that the acceleration from 6000 
to 7000 rpm with the throttle wide open was only from one -third to 
one-half as fast as the acceleration from 5000 to 6000 rpm. This 
restricting orifice was responsible for a greater accelerating time 
from 6000 to 7000 rpm than would normally be encountered. (See 
figs . 12 and 13 . ) The variation in the two acceleration curves at 
a pressure altitude of 5000 feet is attributed to an excess of fuel 
sprayed into the burners during the run represented by the upp>er 
curve. The excess of fuel caused very high tail-pipe temperatures 
and considerable burning of fuel in and behind the tail pip>e, which 
resulted in a slower acceleration below 3000 rpm. 

In one run at a pressure altitude of 20,000 feet during a 
rapid acceleration from 3000 to 7000 rpm, one combustion chamber 
blew out at 4000 rpm and relighted between 5500 and 6000 rpm. The 
engine continued to accelerate while the chamber was out, but the 
acceleration time was greater than when all the chambers were 
lighted. During three rapid accelerations from 3000 rpm at a pres- 
sure altitude of 30,000 feet, several combustion ohambers blew out 
between 4000 and 5000 rpm and the engine speed began to decrease. 

The throttle was retarded and the ohambers were relighted by means 
of the cross-fire tubes. All the combustion chambers blew out at 
6300 rpm at a pressure altitude of 40,000 feet during a rapid accel- 
eration from 4000 rpm. 

Acceleration tests were made at pressure altitudes of 30,000 
and 40,000 feet with the engine operating on 62-octane unleaded 
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gasoline. During two rapid accelerations from 3000 rpm at a pres- 

* sure altitude of 30,000 feet, several combustion chambers blew out, 
which, caused the engine speed to decrease suddenly. The throttle 
was retarded and the combustion chambers were relighted by means of 
the cross-fire tubes. luring a rapid acceleration from 4000 rpm at 
a pressure altitude of 40,000 feet, all the combustion chambers blew 
out at 4200 rpm. The acceleration characteristics of the engine 
were about the same with gasoline as they were with kerosene. 

ui 

OJ 

Variable-area jet nozzle. - Because acceleration of the engine 
was relatively slow, investigations were conducted with the high --Plow 
compressor at pressure altitudes of 5000, 10,000,20,000, 30,000, and 

40.000 feet using a variable-area jet nozzle (configuration 8). 

These investigations were made to determine the rate and extent of 
increase in thrust when the exit area was suddenly reduced. (See 
table II.) With the engine operating on the governor control at 
7600 rpm, a sudden reduction in the nozzle area from 137 percent 
normal area to normal area resulted in an immediate increase in 
thrust of 37 to 47 percent and a decrease in engine speed of 100 to 
200 rpm. If the governor control had held the engine speed constant, 
the increase in thrust would have been approximately 50 to 60 percent. 

* At pressure altitudes up to 20,000 feet the engine speed was controlled 
by the governor at 7600 rpm, but above a pressure altitude of 

20.000 feet the engine was operating on the fuel-regulator control 
at full speed. When the engine speed was set at 7600 rpm with the 
engine operating on the fuel-regulator control, a sudden reduction 
of the jet-nozzle area resulted in an increase in thrust, during 
which time the engine speed was decreasing. The engine speed finally 
stabilized at approximately 6800 rpm with a total increase in thrust 
of about 10 to 15 percent. In order to maintain constant engine 
speed with the engine operating on the fuel-regulator control the 
throttle had to be advanced when the jet-nozzle area was reduoed. 


Starting 

The easiest method of starting the engine from rest was to 
apply the starter, then to open the throttle about halfway and turn 
on the ignition as soon as the control oil pressure of the fuel 
regulator had reached approximately 90 pounds per sq.uare inch. The 
small -slot fuel pressure reached about 80 or 90 pounds per square 
inch by the time the starter had cranked the engine to 900 rpm. As 
soon as the burners lighted, the small-slot fuel pressure was 
reduced to 40 or 50 pounds per square inch by partly closing the 
throttle and the ignition was turned off. The starter was left 
engaged until an engine speed of 2000 rpm was reached in order to 
help the engine aocelerate more rapidly. By this procedure, tail- 
pipe temperatures could be maintained below 1300° F during the start 
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provided that the fuel Ignited as soon as the small-slot fuel pres- 
sure had reached 80 or 90 pounds per square Inch. If the fuel did 
not ignite , the combustion chambers and tall pipe became loaded 
with fuel. When the fuel then ignited, a yellow flame 10 to 15 feet 
long burned out of the tall pipe and gradually disappeared as the 
engine speed was Increased. With the engine being turned by the 
starter, a small-slot fuel pressure of approximately 120 pounds per 
square Inch could be obtained by completely opening the throttle, 
but starting the engine at this high fuel pressure resulted in tail- 
pipe temperatures of 1400° to 1700° F when the combustion chambers 
lighted. 

Original Ignition system. - IXtring the runs with the original 
spark plugs on the engine, no difficulty was encountered In starting 
the engine from rest or from a low windmilling speed at pressure 
altitudes below 20,000 feet. The engine was started at a pressure 
altitude of 25,000 feet with considerable burning In and behind the 
tall pipe and with high tail-pipe temperatures. 

No successful starts were made at a pressure altitude of 
30,000 feet with the original spark plugs and Ignition system. On 
several attempts to start at this altitude without ram, the combus- 
tion chambers had to be loaded with fuel at about 800 rpm before 
they would light and then one of the top chambers did not light. 
Inspection of the engine revealed that this combustion chamber 
failed to light because the cross-fire tubes had shifted out of 
position. When the combustion chambers lighted at 30,000 feet, a 
yellow flame 10 feet long was emitted from the tail pipe. With 
seven chambers lighted and the starter engaged , the engine speed 
could not be raised above 2200 rpm and disengaging the starter 
caused the engine speed to decrease slowly. An attempt was made 
for 5 minutes to raise the speed above 2200 rpm. Operation of the 
engine was then discontinued because the tail-pipe temperatures 
were between 1200° and 1500° F. 

Starts at pressure altitudes of 20,000 and 25,000 feet at any 
ram pressure were also accompanied by a yellow flame. When the 
engine speed had been Increased to between 2000 and 2500 rpm, the 
flame withdrew into the combustion ohambers. The engine could not 
be started with the low-flow compressor and original ignition sys- 
tem at any altitude when windmilling above 1600 rpm. The fuel 
could not be ignited at a pressure altitude of 32,000 feet or in 
several of the attempts made at 30,000 feet. 

Oxygen spark plug. - After Installation of the spark plugs in 
which a Jet of oxygen was discharged Into the zone of the spark, 
one start was made at a pressure altitude of 37,000 feet from a 
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windmilling speed of 800 rpm; the compressor- Inlet temperature was 
-40° F and the Indicated airspeed was 140 miles -per hour. Engaging 
the starter increased the engine speed to approximately 1250 rpm 
and the fuel was ignited at a small-slot fuel pressure of 100 pounds 
per square inch. A yellow flame about 30 feet long was emitted from 
the tail pipe, "but the turhine-outlet temp erature s were less than 
100° F and the tail-pipe temperature approximately 4 feet behind the 
turbine was only about 100° F. Fuel was burning in the Jet nozzle 
and behind the nozzle in the air stream. When the small-slot fuel 
pressure was reduoed to about 50 or 60 pounds per square inch, the 
combustion chambers lighted one at a time. When the engine speed 
had increased to 1700 rpm all the combustion chambers. were lighted 
and a blue flame about 10 feet long was still burning out of the 
tail pipe. The flame disappeared into the tail pipe at 3000 rpm, 
the starter was disengaged, and acceleration was normal. The char- 
acteristics of this start were typical of all starts made above a 
pressure altitude of 30,000 feet. 

The engine was started several times between pressure altitudes 
of 20,000 and 30,000 feet with the starter and the oxygen Jet in use. 
During each of these starts, a flame was emitted at the tail pipe 
until the engine speed exceeded 2000 rpm. 

Oxygen spark plug and high-voltage spark plug. - With one spark 
plug using an oxygen Jet and one spark plug connected to a high- 
voltage transformer, the fuel was ignited several times at a pres- 
sure altitude of 40,000 feet both with and without ram. During the 
starts without ram, a flame about 15 feet long extended from the 
tail pipe and the combustion chambers again failed to light until 
the fuel had ignited in the tail pipe and was burning in the air 
stream. The small-slot fuel pressure was reduced to about 50 pounds 
per sq.uare inch before the flame withdrew into the combustion 
chambers. In several starts without ram at a pressure altitude of 
40,000 feet, the maximum engine speed obtainable was between 1500 
and 1800 rpm with all the combustion chambers lighted and the starter 
engaged. At these engine speeds, the maximum turbine -outlet temper- 
ature was approximately 1800° F and operation of the engine had to 
be discontinued. 

In one start at a pressure altitude of 40,000 feet with a 
pressure of 30 pounds per sq.uare inch in the oxygen line to one 
spark plug, the fuel was ignited at an engine speed of 1000 rpm. 
Appro xima tely 4 minutes from the time the attempt to start was begun, 
the engine speed had increased to 4000 rpm. During acceleration of 
the engine the temperatures about 4 feet behind the turbine were 
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higher than the temperatures at the turbine outlet and a flame was 
burning out of the tail pipe. Several attempts to start at pressure 
altitudes from 40, 000 feet were made, but the fuel could not be 
ignited . 

A series of windmilling starting runs were conducted with 
the two types of spark plug (configuration 12) in order to deter- 
mine the ma x imum windmilling speed at which the engine would start. 
During one attempt to start the engine at a windmilling speed of 
2050 rpm and a pressure altitude of 40,000 feet, a blue flame momen- 
tarily shot out of the tail pipe, but the fuel would not reignite. 

At a windmilling speed of 1600 rpm at a pressure altitude of 
40,000 feet, the engine was started and accelerated with the aid of 
the starter. The maximum windmilling speed at which the engine 
could be started, at a pressure altitude of 30,000 feet was 3000 rpm. 
During two windmilling starts at a pressure altitude of 20,000 feet 
and an engine speed of 2800 rpm, a blue flame shot out of the tail 
pipe at almost explosive velocity and the engine speed increased 
from 2800 to 4000 rpm in approximately 1 or 2 seconds. The maximum 
tail-pipe temperature indicated during these starts was approx- 
imately 450° F. 

A Nummary of the conditions at which windmilling starts were 
attempted is given in table III and the maximum windmilling speeds 
and true airspeeds at which the engine could be started at each 
altitude are shown in figures 14 and 15. Acceleration of the engine 
was more rapid in starts at high airspeeds. 


Operation of Fuel-Control System 

Original fuel regulator. - Trouble was encountered in obtain- 
ing sufficient fuel flow through the original regulator, used with 
configurations 1 to 5, to operate the engine at full speed. The 
regulator had been set for full speed at sea level but, in order 
to obtain full speed at altitude, a pressure of 5 to 40 Inches of 
mercury above tunnel static pressure was required on the atmospheric 
side of the bellows in the barometric control. 

When the throttle was opened or closed during an acceleration 
or deceleration, a lag in the controls occurred between 6000 and 
7000 rpm during whioh a movement of the throttle did not change the 
speeds. During acceleration the lag occurred between the points at 
whioh the fuel regulator no longer had control and at which the 
speed governor took over the control. The total throttle travel was 
120°; when the transition from fuel regulator to governor control 
occurred, no change in engine speed resulted from movement of the 
throttle between the 60° and 90° positions. 
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When the speed governor took over the control, a sudden surge 
of the fuel pressure and fuel flow occurred. A rapid change in 
speed while the engine was operating on the governor caused the fuel 
pressure and fuel flow to change with a surge instead of smoothly as 
they did when the engine was operating on the fuel regulator. When 
the fuel regulator had control, the small-slot fuel pressure did not 
fluctuate; however, when the governor controlled the fuel flow, the 
needle on the small-slot fuel-pressure gage oscillated rapidly over 
a range of 8 to 10 pounds per square inch. 

When the engine operation was controlled by the fuel regulator, 
thd altitude compensator allowed the engine speed to increase 
slightly as the altitude was increased and the rate of increase in 
engine speed became greater at high altitudes. The engine speed 
increased from 5000 to 5200 rpm with a change in pressure altitude 
from 10,000 to 20,000 feet, from 5200 to 5500 rpm with a change in 
pressure altitude from 20,000 to 30,000 feet, and from 6100 to 
6900 rpm with a change in pressure altitude from 38,000 to 
50,000 feet. 

Modified fuel regulator. - The modified fuel regulator, which 
replaced the original fuel regulator when the high-flow compressor 
was installed in the engine, so restricted the fuel flow during 
acceleration that above 6000 rpm acceleration was very slow 
(figs. 12 and 13). The original fuel regulator controlled the fuel 
flow up to an engine speed of approximately 6800 rpm where the 
variable-speed governor began to control the fuel flow. The modi- 
fied regulator, however, controlled the fuel flow up to an engine 
speed of about 7000 rpm at a pressure altitude of 5000 feet. With 
the modified fuel regulator an increase in altitude resulted in an 
increase in the engine speed at which the governor took control of 
the fuel flow. At pressure altitudes above 20,000 feet the revised 
fuel regulator controlled the fuel flow up to 7600 rpm. The maxi- 
mum small-slot fuel pressure obtainable when starting was 90 pounds 
per square inch with the modified fuel regulator as compared with 
120 pounds per square inch with the original* fuel regulator. 


Bearing Cooling 

During runs with the low-flow compressor (configurations 1 
to 5), the bearings did not cool properly at engine speeds higher 
than 7000 rpm above a pressure altitude of 30, 000 .feet. At 7600 rpm 
above a pressure altitude of 30,000 feet, the temperatures of the 
mid bearing (bearing 2) and the rear bearing (bearing 4) did not 
stabilize but were permitted to rise until a temperature between 



18 


BACA EM No. E8F09a 


300° and 340° F was reached; then the engine speed was reduced in 
order to allow the bearings to cool. The maximum allowable bear- 
ing temperature was 350° F and extended operation with bearing tem- 
peratures above 300° F was not advisable. 

The bearing cooling was worse with the high-flow compressor 
(configurations 6 to 13) than with the low-flow compressor. With 
the high-flow compressor the engine could not be operated above 
7000 rpm for more than 10 or 15 minutes before the temperatures of 
the mid bearing and the rear bearing reached 320° to 340° F and 
they were still increasing at the rate of 2° to 4° per minute. 

Failure of the bearings to cool properly at high pressure 
altitudes and high engine speeds was attributed not only to the 
reduced density of the air at high altitude but also to the fact 
that at high engine speeds the bearing cooling-air flow decreased 
with increasing engine speed. Representative data showing the 
comparison of bearing cooling-air flow with the low-flow and high- 
flow compressors at a pressure altitude of 30,000 feet are pre- 
sented in figure 16. The decrease in bearing cooling-air flow at 
high engine speeds was more rapid with the high-flcw compressor 
than with the low-flow compressor. At maximum engine Bpeed the 
high-flcw compressor delivered from 15 to 25 percent less cooling 
air to the bearings at all altitudes than the low-flow compressor. 

The decrease in bearing cooling-air flow at high engine speeds 
was attributed to a corresponding decrease in the compressor 
fourth-stage static pressure, the stage from which the cooling air 
was bled. A comparison of the fourth-stage static pressures of the 
low-flow and high-flow compressors at a pressure altitude of 
30,000 feet is shown in figure 17. 

The temperature rise between the compressor inlet and the 
bearing cooling-air discharge at all altitudes was from 10 to 
20 percent greater with the high-flcw compressor than with the low- 
flow compressor. A comparison of this temperature rise for the 
low-flow and high-flow compressors at a pressure altitude of 
30,000 feet is shown in figure 18. 

Inspection of the low-flow compressor after disassembly showed 
that seme of the holes in the compressor casing for bleeding off 
the bearing cooling air did not line up with the holes in the pads 
leading the air from the compressor. The bearings were thuB 
deprived of some of the cooling air they should have received. 
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After 54 hours of testing with the low-flow compressor, the 
mid "bearing, which is located at the rear of the compressor, failed. 
The engine had been operating for several minutes at a pressure 
altitude of 50,000 feet and engine speeds near 7000 rpm with the 
mid-bearing temperatures ranging from. 275° to 335° F. The engine 
speed was increased and was being stabilized at 7450 rpm when the 
mid-bearing temperature reached 340° F and continued to rise rapidly. 
The fuel was shut off as quickly as possible, but the mid -bearing 
temperature immediately reached 392° F and soon rose to a maximum of 
410° F. The temperature of the rear bearing just ahead of the tur- 
bine wheel reached a maximum of 360° F soon after operation of the 
engine was discontinued. The high temperature of the rear bearing 
was probably caused by heat transfer from the turbine wheel, which 
was still hot. While the engine was windmilling immediately after 
the fuel had been shut off, the amplitude of vibration of the engine 
indicated on the vibration meter greatly exceeded the allowable 
limit of 0.005 inch for normal operation. 

An inspection of the mid bearing after the engine was disas- 
sembled revealed that all the plastic cages that held the balls in 

place had been ground into small pieces. Operation of the bearing 
at high temperatures had probably weakened the plastic cages and one 
of them failed, which enabled the balls to move about and crush the 

remaining cages. The tips of the rotor and stator blades on the 

rear stages of the compressor had rubbed sifter the mid bearing failed. 
Views of the compressor rotor and case after the blades rubbed sire 
shown in figures 19 and 20. 


Damage to Accessory Dome and Air Guide 

During performance rune at ram pressure ratios up to 1.8 at 
40,000 feet, the dome over the accessories collapsed. The dome was 
repaired and a stiffening ring was riveted around the inside. The 
dome again collapsed at high ram conditions and was replaced with 
one made of heavier gage aluminum, which proved satisfactory. The 
dome sifterbody and the vanes in the air guide at the inlet were 
badly torn during the tests owing to the high ram pressures. The 
damaged dome and dome afterbody are shown in figure 21. A steel 
dome afterbody and steel guide vanes were constructed to replace 
the damaged ones. 


SUMMARY OF RESULTS 

The following operational characteristics were observed during 
an altitude-wind-tunnel investigation of a 4000-pound-thrust axial- 
flow turbojet engine for a range of altitudes from 5000 to 50,000 feet 
and ram pressure ratios from 1.00 to 1.86. 
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1. With the low-flow compressor, the engine could he operated 
at full speed without serious burner unbalance at altitudes up to 

50.000 feet. The minimum operating speed without ram varied from 
2000 rpm at a pressure altitude of 5000 feet to 4000 rpm at 

40.000 feet. At a true airspeed of 635 miles per hour at 40,000 feet, 
the minimum operating speed was increased to 6300 rpm. 

2. In several runs with the high-flow compressor installed 
(configurations 6 to 8, 10, and 11), the maximum engine speed was 
limited to less than 7600 rpm by combustion blow-out, high tail-pipe 
temperatures, and compressor stall. These maximum speed limits were 
removed by installing turbine nozzles and a tail-pipe nozzle that 
had greater nozzle areas; however, the tail-pipe temperatures at 
full speed were then approximately 200° F lower than the desired 
operating temperature. 

3. Acceleration of the engine was slow, approximately 13 seconds 
being required to accelerate from 3000 to 6000 rpm at a pressure 
altitude of 5000 feet with the standard engine configuration and the 
low-flow compressor. Acceleration was slower at high altitudes; 

44 seconds were required to accelerate from 3000 to 6000 rpm at 

30.000 feet. 

4. At maximum engine speed a sudden reduction in Jet-nozzle 
area from 137 percent normal area to normal area immediately 
increased the thrust by 37 to 47 peroent and decreased the engine 
speed by 100 to 200 rpm. 

5. The engine started normally and easily below 20,000 feet 
with each configuration. The maximum pressure altitude at which 
the engine could be regularly started was increased from 25,000 to 

40.000 feet by installing the revised ignition system and high- 
voltage transformer. Starts above 20,000 feet in each case were 
accompanied by a great deal of burning in and behind the tail pipe, 
high tail-pipe temperatures, and very slow acceleration. The max- 
imum engine windmilling speed and the corresponding true airspeeds 
at which the engine could be started ranged from 2800 rpm at 

550 miles per hour and 20,000 feet to 1600 rpm at 300 miles per 
hour and 40,000 feet. 

6. Operation of the engine was similar with both fuel regu- 
lators except that the modified fuel regulator restricted the fuel 
flow in such a manner that the acceleration above 6000 rpm was very 
slow. 
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7. High, temperatures of the mid hearing (hearing 2) and the 
rear hearing (hearing 4) were encountered in the runs with the low- 
flow compressor at engine speeds higher than 7000 rpm at pressure 
altitudes above 30,000 feet. The hearing cooling was worse with the 
high -flow compressor than with the low-flow compressor. The high 
hearing temperatures were caused in part by the reduction in hearing 
cooling-air flow at high engine speeds. 


Flight Propulsion Eesearch Laboratory, 

National Advisory Committee for Aeronautics, 
Cleveland, Ohio. 
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TABI£ I - TEST CONFIGURATIONS OF 40CH>-P0TTND-THRUST AXTAL-FLOW TURBOJET ENGINE 


fo 

ro 


Config- 

uration 

Oper- 

ating 

tine 

(hr) 


Combustion 

Turbine 

Turbine wheel I 

Tall pipe | 

Jet- 

Ignition 

Fuel 

Inlet 

Compressor 

chambers 

nosale 

dum- 

ber 

Description 

Num* 

bar 

Description 

noztle 

diameter 

(in.) 

regulator 

condition 

1 

12.5 

Low flow 

7 type At 
1 type B® 

Small 

1 

6650 rpm; 
caat 

ir S 

Standard 

16 4 

Original 

Original 

Cowl 

2 

7.3 

--do——— 

Type B 

Standard 

2 

Full speed; 
oast 

3 

Strengthened 

16 4 

—do————— 

—do— 

Ra» pipe 


12.7 

— do——— 

—do-——- 

—do 

2 

—do— 

3 

—do——— 

16 f 

—do——— 

—do—— 

Do* 

3 



16.3 

-do—— 

—do——— 

—do 


Full speed; 
forged 



“J 


—do—— 

Do* 

4 

3 

3 

-do—-—- 


5.1 

—do------ 

—do—— 

—do 

3 

—do 

3 


16f 

..do-——-— 

—do — — 

Cowl 

5 



6 

12.6 

High flow 

— do — — — 

—do 

3 

— do — 

3 

—do 

18 

Oxygen to both 
plugs 

--do — 

Modified 

Ram pi pa 







— do— — 

—do 

3 

A - 

A 

Vaned 

18 

--do- — 

Do* 

7 

7*0 ! 

—do— — - 

--ao — -- 

* 

8 

5,8 

—do 

'—do 

—do 

3 

-do—-— 

4 

— do-- — 

Variable 

1 oxygen plug; 

1 HI ffh vnl tiff* 

•-do— 

Cowl 

9 

>6 

— do—— 

Type C 

—do 

4 

—do 

4 

—do 

area 

10 

X iUgU fVllAgV 

—do—™— 

--do----- 

Ram pipe 

10 

5.5 


--do— — — 

Small 


—do — 

4 


10 

—do- — ------- 


Cowl 

— do 

4 

^ ^ 0^ — — — — — — — 


11 

5*9 

--do------ 

— do— 

Large 

4 

—do — 

4 

-•do— — — - 

10 

— do-*— — 

—do 

DO* 


m 


Type B 

—do — - 

5 

--da 

1 

— do— — 

19 i 

* — do-——— 

— do — 

Rom pipe 





— 4a—— 

R 


1 

—do - 

19 § 

--do — — - 

— do 

Cowl 


EE3 


— — QQ— - 

ow 

O 

uu 

|| ■ 

Total** 

97.1 






■ 







a 

Contained one spark plug. 
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TABLE II - RONS OF 4000-P0DHD-THHJ3T AXIAL-FLOW TOHBOJET ENGINE 
WITH YAKEABLE-ABEA JET NOZZLE ( CONFIGOBATION 8) 


Pressure 

altitude 

(ft) 

Initial 

engine 

speed 

(rpm) 

Initial 

thrust 

(lb) 

Engine 

speed 

after 

closing 

Jet 

nozzle 

(rpm) 

T1 

! 

irust 

’M 

After 

closing 

Jet 

nozzle 

Percent- 

age 

increase 

At initial 
engine 
speed with 
Jet nozzle 
closed 

Percent- 

age 

Increase 

5,000 

7594 

1940 

7400 

2660 

37.0 

2740 

41.2 

10,000 

7594 

1735 

7500 

2425 

39.8 



10,000 

7594 

1745 

6900 

2050 

17.5 



20,000 

7594 

1230 

7400 

1815 

47.5 

1850 

50.5 

20,000 

7594 

1205 

7400 

1775 

47.3 

1815 

50.6 

a 30,000 

7594 

805 

6700 

910 

13.0 

1210 

50.4- 

^0,000 

7594 

815 

6700 

940 

15.3 

1225 

50.3 

a 40,000 

7594 

530 




830 

56.7 

a 40,000 

7594 

515 




835 

62.1 

a 50,000 

7594 

340 




500 

47.0 


K 


a Th© engine was operating on the fuel regulator without governor control 
at full speed above 20,000 feet. 
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TABLE HI - WUDWILLrffG STABTinG TESTS OF 4000-KXnBMEHOOT AUAL-FLCW 
TOEBOJET ENSUE WITH HIGH-FLOW OOHPEESSOB (COHFIGORATION 12) 


Small-slot 
fuel pres- 
sure 

(lb/sg. In. 
absolute) 


Altitude 

(ft) 

Wind- 

mill- 

ing 

speed 

(rpm) 

Indi- 

cated 

air- 

speed 

(mph) 

Cowl 

inlet 

temper- 

ature 

(°F) 

Compressor ( 
outlet ] 

statio 
pressure ] 
(lb/sq. in. 
absolute) : 

40,000 

2800 

270 

-26 

3.9 

40,000 

2600 

270 

-26 

3.9 

40,000 

2600 

270 

-26 

3.9 

40,000 

2050 

210 

-24 

3.8 

40,000 

2050 

210 

-24 

3.8 

40,000 

2050 

210 

-24 

3.8 

40,000 

1600 

155 

-24 

3.7 

40,000 

1550 

140 

-24 

3.7 

30,000 

2950 

365 

-20 

5.9 

30,000 

3000 

365 

-20 

5.9 

30,000 

2000 

250 

-20 

4.9 

30,000 

2450 

300 

-20 

5.2 

30,000 

2450 

300 

-20 

5.2 

30,000 

2450 

300 

-20 

5.2 

30,000 

2000 

230 

-20 

5.0 

30,000 

1800 

225 

-20 

5.0 

20,000 

2800 

410 

-12 

8.4 

20,000 

2800 

410 

-12 

8.4 

20,000 

2800 

415 

-12 

8.5 



100-120 

100-120 


100-120 


100-120 

100-120 



80-100 Ho starter used; 

violent surge and 
rapid acceleration 
80-100 -do. 
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( a) Lef t-s I de view with cowl ing installed. 

Figure I. - Installation of 4000-pound-thrust axial-flow turbojet engine in altitude wind tunnel. 
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(b) Left-side view with cowling removed. 


Figure I. - Concluded. 
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A Ta t l-p I pe-dl schtrge total and stat fc-pressure and 
temperature survey (NACA) 

B Tail-pipe total-pressure tube 
C Tail-pipe thermocouple 
D Turbine-outlet thermocouple 
E Turbi ne- I nl et total-pressure tube 
F Compressor-outlet total-pressure tube 
G Compressor-outlet static-pressure wall orifice (NACA) 

H Compressor-outlet total-pressure and temperature 
survey (NACA) 

I Compressor- i nlet static-pressure wall orifice 
J Compressor- inlet thermocouple 

K Compressor- inlet total- and static-pressure survey (NACA) 
L Tail-pipe-discharge static-pressure wall orifice (NACA) 


M Turbine-outlet static-pressure wall orifice 
N Compressor-outlet thermocouple 
0 Compressor-outlet static-pressure survey (NACA) 

P Compressor- interstage static-pressure wall orifices 
Q Compressor- inlet total-pressure tube 
R Cowl-inlet total- and static-pressure and temperature 
survey (NACA) 

S Cowl-inlet static-pressure wall orifice (NACA) 


l NACA) Instrumentation installed by NACA for altitude- 
wind-tunnel tests. All other instrumentation 
standard. 



Figure 3. - Instrumentation of 4000-pound-thrust axial-flow turbojet engine for ai ti tude-wi nd-tunnel 

i nvesti gati ons. 
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. - Installation of the vari abl e-area j et nozzle on 4000-pound -th rust axial-flow turbojet 

engine. 
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Figure 6.- Variation of minimum operating speeds with pressure 
altitude and ram pressure ratio with low-flow compressor, 
configurations 1 to 5. 




Pressure altitude, ft 
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with hlgh-flow compressor Installed on configurations 6, 7, 
8, 10, 11, 12, and 13. 




(a) Sections broken away. (b) Section collapsed. 

Figure 8. — Transition sections broken away from turbine nozzle and collapsed after operating engine 

36 minutes with configuration 9. 
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Figure 9,- Effect of pressure altitude on time required to start and accelerate with w 

low-flow couture ssor, configurations 1 and 5. <o 
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Figure 10,- Effect of pressure altitude on time required to accelerate from an idling 
speed of 3000 rpm with low-flow compressor, configurations 1 and 5, 




NACA RM No. E0FO9e 








Figure 11, - Experimental and oaloulated data showing effect of altitude on the ratio 
of time required to aocelerate at altitude to time required to accelerate at sea 
level with configurations 1 and 5. 
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Figure 12,- Effect of pressure altitude on the time required to start and accelerate 
with high-flow compressor, configuration 13. 
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Figure 14. - Variation with altitude of maximum engine wind- 
milling speed at whioh engine could be started. 
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Figure 15. - Variation with altitude of maximum true airspeed 
at which engine could be started. 
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Bearing cooling-air flow, lb/sec 
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flow and high-flow compressors at a pressure altitude of 
30,000 feet. 






Compressor fourth-stage static pressure, lb/sq ft abs 
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Figure 17.- Comparison of compressor fourth-stage static 
pressure with low-flow and high-flow compressors at a 
pressure altitude of 30,000 feet. 


532 




Temperature rise between compressor-inlet and bearing-air discharge 
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Figure 18.- Comparison of temperature rise between the 
compressor inlet and bearing-air discharge with low-flow 
and high-flow compressors at a pressure altitude of 
30,000 feet. 
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Figure 19. - Vi ew of the comp re s so r rotor after the mid-bearing failure showi ng the area where the 

stator blades rubbed the rotor. 
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Figure 20. - View of the compressor case after the mid-bearing failure 
showing the areas where the rotor blades rubbed the casing. 
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Figure 21. - View showing damage to accessory dome and afterbody 





